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ABSTRACT
We have systematically studied a large sample of the neutron star low mass X-ray binaries
(LMXBs) monitored by the Rossi X-ray Timing Explorer (50 sources; 10000+ observations).
We find that the hysteresis patterns between Compton dominated and thermal dominated
states, typically observed in black hole LMXBs, are also common in neutron star systems.
These patterns, which also sample intermediate states, are found when looking at the
evolution of both X-ray colour and fast variability of ten systems accreting below ∼ 30% of
the Eddington Luminosity (LEdd). We show that hysteresis does not require large changes in
luminosity and it is the natural form that state transitions take at these luminosities. At higher
accretion rates neutron stars do not show hysteresis, and they remain in a thermal dominated,
low variability state, characterized by flaring behaviour and fast colour changes. Only at
luminosities close to LEdd, are high variability levels seen again, in correspondence to an
increase in the fractional contribution of the Comptonization component. We compare this
behaviour with that observed in LMXBs harbouring black holes, showing that the spectral,
timing and multi-wavelength properties of a given source can be determined by its location
in the fast variability-luminosity diagram, which, therefore, provides a common framework
for neutron star and black hole accretion states.
Key words: accretion, accretion discs, black hole physics, stars: neutron, stars: black holes,
X-rays: binaries
1 INTRODUCTION
Low mass X-ray binaries (LMXBs) are accreting sources harbour-
ing a Sun-like star that is transferring matter on to a low mag-
netic field neutron star (NS) or a black hole (BH). Accretion takes
place via an accretion disc, where matter is heated up to tem-
peratures high enough (∼ 107 K) to radiate in the X-ray regime
(Shakura & Sunyaev 1973). LMXBs can be divided in two popu-
lations according to their long term behaviour. Persistent sources
remain active all the time, with X-ray luminosities typically above
LX∼ 10
36 erg s−1. Contrastingly, transient systems spend most
part of their lives in a dim (LX∼ 1030–1034 erg s−1), quies-
cent state, displaying occasional outbursts with recurrence times
of months to decades, where LX increases by several orders of
magnitude. Apart from a couple of exceptions, BH-LMXBs belong
to the latter group. Their study in the recent years has clearly estab-
lished that they recurrently follow a similar evolution when they go
into outburst, displaying various X-ray states possibly connected
to different accretion regimes onto the BH (e.g. Miyamoto et al.
1992, 1993; Belloni, Motta & Mun˜oz-Darias 2011). A hard state
is observed during the initial rise, when the energy spectrum is
dominated by Comptonized emission and high levels of fast vari-
ability are seen. It precedes a fast transition (days) towards a soft
state at roughly constant luminosity (typically tens of % of the Ed-
dington Luminosity, LEdd). There, a thermal accretion disc com-
ponent becomes dominant and fast variability disappears. The lu-
minosity slowly (weeks-to-months) decays down to a few per cent
of LEdd during the soft state, after which a reverse transition to
the hard state, also at fairly constant flux, occurs. This behaviour,
firstly described by Miyamoto et al. (1995), is hysteresis, since sys-
tems initially evolve from the hard to the soft state to then return
to the former following a different luminosity track. Intermediate
states, with very distinctive timing properties can be also identified
during the two major state transitions (see also Belloni 2010). The
physical mechanism behind this hysteresis is still not well under-
stood, but explanations related to the accretion disc magnetic field
(Balbus & Henri 2008, Petrucci et al. 2008, Begelman & Armitage
2014) or the LenseThirring effect (Nixon & Salvesen 2014) have
been proposed.
Hysteresis loops are seen in most of the black hole transients
c© 0000 RAS
2 Mun˜oz-Darias et al.
(BHT; e.g. Dunn et al. 2010) when looking at the tracks that they
display in the hardness-intensity diagram (HID, Homan et al. 2001;
Belloni et al. 2006). The HID traces the evolution of the X-ray lu-
minosity and energy spectrum along an outburst. Loops can have
different shapes depending on the system (Mun˜oz-Darias et al.
2013) but share common properties like being always run in
anti-clockwise direction. Also, the different branches of the HID
are tightly correlated with the presence and type of outflows,
both in the form of jets (best observed in the radio band;
Fender, Belloni & Gallo 2004) or winds (Ponti et al. 2012). Re-
cently, Mun˜oz-Darias, Motta & Belloni (2011) proved that hystere-
sis tracks are also found when studying the evolution of the fast ape-
riodic variability through the root-mean-square (rms)-intensity dia-
gram (RID), their different branches being similarly connected with
the canonical X-ray states (see also Mun˜oz-Darias et al. 2011b,
Heil et al. 2012).
NS systems account for the vast majority of the persis-
tent LMXBs, although they are also commonly found as tran-
sient sources. The X-ray phenomenology displayed by NS-LMXBs
seems to be somehow more complex than for BH systems, prob-
ably due to the presence of a hard surface and anchored mag-
netic field. However, they also display several X-ray states, some
of them analogous to those in BHs (see van der Klis 2006 for
a review). At high accretion rate (LX∼> 0.5 LEdd) NS display
Z shaped tracks both in the HID and in the colour-colour di-
agram (CCD), hence the name Z-sources. Lower accretion rate
systems (0.01 LEdd∼< LX∼< 0.5 LEdd) show a different phe-
nomenology and are classified as atoll sources also based on the
tracks displayed in the CCD (Hasinger & van der Klis 1989). They
show three main X-ray states, which can be somehow identified
with the hard, intermediate and soft BH states (e.g. van der Klis
2006). A remarkable proof of the above scheme came from
the study of the NS transient XTE J1701-462, which showed
both Z and atoll phases along its decay from a bright outburst
[see Lin, Remillard & Homan 2009 (LRH09); Homan et al. 2010].
Hysteresis has been seen in a few atoll sources, and especially
for the case of the transient system Aql X-1 clear analogies to
BHTs have been reported (Maccarone & Coppi 2003). However,
up to now this behaviour was thought to be associated with tran-
sient sources (but see Belloni et al. 2007, 2010), and particularly to
BHTs with some notorious NS exceptions (e.g. van der Klis 2006,
Gladstone, Done & Gierlin´ski 2007).
Here, we use archival Rossi X-ray timing Explorer (RXTE) obser-
vations of NS-LMXBs to systematically search for hysteresis loops
in both the spectral and the variability behaviour of these sources.
We apply a blind BH-like approach by computing HIDs and RIDs
for every source and show that hysteresis, at least qualitatively sim-
ilar to that observed in BHs, is also a common feature in the per-
sistent and the transient NS-LMXB population when accreting at
medium rates. In section 3.2 we show that hysteresis is suppressed
at high accretion rates, but other patterns can be identified. In sec-
tion 4 we discuss the fact that systems located in the same RID
area share similar phenomenology, yielding a common framework
for BH and NS accretion states.
2 THE SAMPLE AND DATA ANALYSIS
We have analysed 50 NS-LMXBs densely monitored (
∼
> 20 times)
by RXTE (see Table A1) using 10816 observations. We have in-
cluded all the systems where type I X-ray bursts were detected
(Galloway et al. 2008) plus other sources found in the literature.
The vast majority of the systems are either transient or persis-
tent NS-LMXBs accreting at low/moderate rates (i.e. atolls) but
the sample also includes the population of Z-sources (see section
3.2) with the exception of Sco X-1, that was excluded from this
global study due to its extremely high count rates, which result
in a variety of non-standard observing modes. Systems within re-
gions dense in X-ray sources (e.g. the galactic centre) that could
not properly be singled out by RXTE were also excluded. We com-
puted the RID and the HID for the full sample using data from
the Proportional Counter Array (PCA). The variability study was
performed using a combination of high time resolution modes. A
power density spectra (PDS) per observation was computed fol-
lowing the procedure outlined in Belloni et al. (2006), stretches 16
s long and STD2 channels 0–31 (2–15 keV). The RIDs were com-
puted following Mun˜oz-Darias et al. (2011) and using the 0.1–64
Hz frequency band.
The RXTE-PCA Standard 2 mode (STD2) was used for the pro-
duction of the HIDs. It covers the 2–60 keV energy range with 129
channels. For each observation net count rate (i.e. background sub-
tracted) corresponds to STD2 channels 0–31 (2–15 keV). Hardness
was defined as the ratio of counts between the channels 20–33 (10–
16 keV) and 11–19 (6–10 keV), respectively. This choice of bands
excluding the softest channels is convenient for practical reasons
since it minimizes the effect of interstellar absorption and avoids
the more complex soft spectral region where the power-law, NS sur-
face and thermal disc components coexist. For observations taken
before 13 May 2005 the channel ranges were slightly shifted ac-
cording to the corresponding RXTE gain epoch1. For each source,
we analysed all the available data with count rates above 10 counts
(per PCU). In a few cases we do not show all of them in order to
e.g. skip some periods/gain epochs with low monitoring cadence
that do not add any relevant information. For 4U 1636-536, we
only present for clarity the high-cadence data already shown in
Belloni et al. (2007) since they are fully representative of the be-
haviour of the source.
3 RESULTS
We have computed the HID and the RID for the 50 sources included
in our sample (see Table A1), finding a very distinctive behaviour
between low (atolls) and high (Z) accretion rate systems. In partic-
ular we observe hysteresis in a significant fraction of the former,
both persistent and transient objects (see Table 1), whilst is not ob-
served at high luminosities.
3.1 Low accretion rate sources
Low accretion rate sources (0.01 – 0.5 of LEdd) are known to dis-
play several X-ray states (see Section 1) depending (but not exclu-
sively) on their luminosity. In our analysis we find a known popula-
tion of relatively faint sources displaying exclusively high variabil-
ity levels and hard colours typical of hard states (e.g. SAX J1808.4-
3658; see Tab. A1), whereas the brightest atolls are always softer
and much less variable (see section 3.1.5). However, a significant
fraction of the sample (21 out of 50) show both states, and when-
ever the RXTE cadence is good enough to follow their evolution
we observe that the transitions between these states always happen
following an hysteresis pattern. We observe full hysteresis cycles
1 http://heasarc.gsfc.nasa.gov/docs/xte/e-c_table.html
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Table 1. Transient (top) and persistent (bottom) sources showing full hysteresis loops.
NS-LMXB NH (×1022 cm−2) Behaviour ∗ Loop duration (d) Hard-to-Soft times (d) ∗∗ Soft-to-Hard times (d) ∗∗
EXO 0748-676 0.06 (1) LTT, ML 60–90 <50 <2 / <8
Aql X-1 0.34 (2) T, ML 30–60 <2 / 1–4 <1 / <4
EXO 1745-278 1.2 (3) T, SL 90 < 3
4U 1608-52 1.6 (4) T, ML 25–90 < 3 / 2-6 2-4 / < 7
IGR 17473-2721 4 (5) T, SL 110 2–6 3–5
4U 1820-303 0.28 (4) P, SL > 56 <16
4U 0614+09 0.3 (4) P, SL 90 < 13 < 23
4U 1636-53 0.43 (4) P, ML 35–50 < 2 / 2–6 < 4 / 6–12
4U 1705-44 1.8 (6) P, ML 50–300 < 4 / < 8 4–16
4U 1728-34 2.5 (7) P, ML 20–60 < 4 / 2–6 < 2 / 4–8
* T: transient; LTT: long-term transient; P: persistent; ML: multiple loops; SL: single loop
** Minimum / maximum transition time scales are quoted if more than one loop is seen.
REFERENCES: (1) Dı´az Trigo et al. (2011); (2) Maccarone & Coppi (2003); (3) Heinke et al. (2003); (4) Christian & Swank (1997); (5) Chenevez et al.
(2011); (6) di Salvo et al. (2009); Di Salvo et al. (2000)
in ten systems (see Figs. 1 and 2), including four transients, one
long-term transient (outburst lasts several years) and five persistent
sources. In this paper we study the main properties of these hys-
teresis patterns and compare them with those found in BHTs.
3.1.1 Transient systems
We observe hysteresis loops in the HIDs and RIDs of five transient
NSs and they are shown in Fig. 1. Systems are sorted by increasing
neutral hydrogen column density along the line of sight (NH) as
it is expected to affect the hardness (see section 3.1.3). For all the
systems but EXO 0748-676 each loop corresponds to one outburst.
Points connected by a solid line correspond to the same hystere-
sis loop, whereas non-connected points correspond to observations
which could not be included within a particular cycle. In most of
the cases the latter is due to poor RXTE sampling or observations
starting late in the outburst. The two loops found in EXO 0748-
676 are observed within the same outburst that lasted more than 23
years and during which the source behaved as a persistent source.
Indeed, these loops, associated with flares in the light curves with
typical time scales of months (∼ 60 days in this case), are similar to
those in persistent sources (see below). Hysteresis-like behaviour is
seen in (at least) other three transients (see Tab. A1 ) but the RXTE
monitoring was not intense enough to follow one full loop.
3.1.2 Persistent systems
Hysteresis loops are also found in five persistent systems (Fig. 2;
also sorted by increasing NH) and at least other four seem to dis-
play similar behaviour (not shown; see Table A1). As for the tran-
sients, each hysteresis episode is related to a flux increase (see Fig.
3), although persistent sources do not decay towards quiescence
once they are back to the hard state. The loop reported for 4U 1820-
303 is not fully complete since observations stopped before the sys-
tem reached again the hard state. However, the final hardening and
rms increase together with the distribution of the remaining ob-
servations (grey points) strongly suggest that the loop was indeed
completed.
3.1.3 Hysteresis loops: observational facts
The hysteresis loops observed in both transient and persistent
sources share many properties. Sources are found to be hard and
variable (fractional rms in the range 20–30 %) during the rise (hard
state) but, at some point, a transition to a softer and less variable
state (6 5%) occurs. Indeed, the presence of a soft branch with 2-
3% rms is obvious in at least 6 of the sources. The luminosity even-
tually decreases during this soft state, which precedes a reverse (i.e.
soft-to-hard) transition after which similar colours and variability
levels than during the initial rise are newly displayed. Therefore,
as in BHTs, these hysteresis loops are always run anti-clockwise.
The range of hardness sampled (left panels in Figs. 1 and 2) is 0.25–
0.75. The differences in NH (see Tab. 1) do not seem able to explain
the small differences in colours, even though NH varies by an or-
der of magnitude (excluding EXO 0748-676; see below). We note,
however, that a clear trend with NH is obtained (not shown) when
using softer bands than those selected for the hardness. Variability
patterns (i.e. RIDs; right panels in Fig. 1) are very similar between
each other, and also resemble those seen in BHT (Mun˜oz-Darias et
al. 2011, 2011b, Stiele et al. 2012, Motta et al. 2012). Besides these
general characteristics, we should also highlight the following ob-
servational facts:
• Diagonal state transitions: the count-rate increases during the
hard-to-soft transition and decreases during the reverse transition.
In other words, the transitions are always diagonal and never par-
allel as it is the case for low inclination black holes using the same
energy bands. Triangular shapes similar to those seen for high in-
clination black holes (Mun˜oz-Darias et al. 2013) do not seem to be
present in the eclipsing source EXO 0748-676. Therefore, unlike in
the case of BHTs, sources are systematically brighter (sometimes
by one order of magnitude) during the soft state than during the
hard or the intermediate states.
• Transition luminosities: persistent systems show very similar
soft-to-hard (i.e. lower branch) transition luminosities for a given
source, whilst larger scatter is observed for the upper branch. The
case of 4U 1705-44 is particularly interesting since the count rate
of the hard-to-soft transition varies from levels a factor of ∼ 2 to
one order of magnitude brighter than the lower branches. In partic-
ular, one of its loops (yellow asterisks) seems particularly complex.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Hysteresis in transient neutron star systems. Hardness intensity diagrams (left panels) and rms intensity diagrams (right panels) for transient sources
showing hysteresis. Sources are sorted by increasing NH from top to bottom. Solid lines join observations corresponding to full hysteresis cycles, which are
highlighted with different symbols and colours. For the case of Aql X-1 only 5 representative loops are indicated. Error bars are shown every five points.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Hysteresis in persistent neutron star systems. Same as Fig. 1 but for persistent NS-LMXBs. For the cases of 4U 1636-53, 4U 1705-44 and 4U
1728-34 only 5 representative loops are highlighted for clarity.
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After performing several faint loops (
∼
< 200 cts s−1; e.g. blue stars)
the system displayed a new faint hard-to-soft transition and almost
completed the loop with a hard excursion. However, instead of con-
tinuing to harden, it apparently (with gap between observations of
just 4 days) returned to the soft state to then became one order of
magnitude brighter. Subsequently, a decay and a final soft-to-hard
transition at a count-rate higher than the previous hard excursion,
but still slightly fainter than the initial upper branch, was observed.
An alternative explanation is that we were looking at two different
loops, the initial part of the second being faster than 4 days.
Aql X-1 is the only transient with several, well monitored outbursts,
and lower branch count-rates cluster within a factor of ∼ 2 [∼ 3
if we consider the failed outburst (see below) shown as blue filled
stars in Fig. 1]. On the other hand, the two best sampled loops of 4U
1608-52 (dots and triangles) show lower branch count-rates within
a factor of ∼ 3 (the outburst represented by squares has a one week
gap during the soft-to-hard transition).
• Time scales: estimations of the loop time scales are shown
in table 1. Loop durations are measured from the time the system
starts to continuously rise along the hard state until it gets back
to it after a hysteresis cycle. These times should be taken as ap-
proximations with typical errors of ∼ 5 days. Loops last ∼ 1 to 4
months, a particular source being able to show different (factor of
2) cycle durations. Loop times for persistent sources are consistent
with those for the transients, with the exception of 4U 1705-44 with
three cycles lasting ∼ 170, 290 and 300 days (see Fig 3). These
atypically long loops are due to long periods with the system in a
bright soft state; however, transition times are consistent with those
of the other NS-LMXBs.
Transition time scales are more difficult to estimate since they are
too short to be properly sampled given the ∼ 1–2 days cadence (at
best) of the RXTE monitoring. Hard-to-soft and soft-to-hard tran-
sition times seem consistent between each other and vary from
∼
< 1
to ∼ 6 days. The fact that fewer observations seem to happen dur-
ing the former than during the latter transition is, for the transients,
mainly a consequence of observations starting late in the outburst
(soft state) as already pointed out by Tudose et al. (2009) for the
case of Aql X-1. Moreover, transition luminosities (see above) are
more similar during the lower than during the upper branch, con-
tributing to cluster points around count-rate levels corresponding to
the former.
Finally, we note that four sources (4U 1820-303, 4U 1728-34
and 4U 0614+09 and EXO 0748-676) show variability levels rarely
below 5 %, the first two also showing harder soft state colours
than the others. 4U 0614+09 manifests a peculiar behaviour, with
only one of the three loops showing clear hysteresis (filled trian-
gles). In the other two tracks showed, the system describes a single
path, with transitions occurring at similar flux levels (although the
hard-to-soft branches are still slightly brighter). The case of EXO
0748-676 is also peculiar. It is seen through very low interstellar
extinction but observations suffer from the intrinsic eclipsing and
dipping behaviour of the source due to its high inclination, which
are responsible for the large scatter present in the data. However,
we note that several soft observations do not show either dips or
eclipses and still look harder than for the other sources. Another
peculiarity is the failed transition that seems to be also present in
at least one of the outburst of Aql X-1 (green stars; Fig. 1 second
panel). Outbursts with failed transitions (see Capitanio et al. 2009,
Motta, Mun˜oz-Darias & Belloni 2010, Soleri et al. 2013 for exam-
ples in BHT), are essentially only-hard state outbursts with one or
multiple softer intervals (see also Shaw et al. 2013) where the ac-
Figure 3. Examples of light curves for 4U 1636-536, 4U 1705-44 and 4U
1728-34. We show 500 days intervals starting on MJD 53436, MJD 54296
and MJD 53798, respectively. Corresponding hysteresis loops are plotted
using the same symbols and colours than in Fig. 2.
cretion disc component never becomes dominant, and the timing
and spectral properties never go beyond those corresponding to the
intermediate states.
3.1.4 The hardness-rms correlation
The hardness-rms diagram (HRD) is often used to study the out-
burst evolution of transient LMXBs, especially those with BH
accretors (see e.g. Belloni et al. 2005, Fender, Homan & Belloni
2009). Besides some features regarding detailed state classifica-
tion, the most basic property that becomes apparent in the HRD
is a positive correlation between hardness and rms observed across
the whole outburst. Sources displaying hysteresis in the HID and
the RID (i.e. those presented in Figs. 1 and 2) do not show it in
the HRD, where the correlation is the same for both the upper and
lower branches. In Fig. 4 we show the HRD for two representative
sources from our sample, namely, Aql X-1 (transient) and 4U 1705-
44 (persistent), where the aforementioned correlation is evident. In
addition, we also observe that when systems reach variability lev-
els
∼
< 10%, the hardness remains constant and variability drops,
and then the latter stays the same (∼ 2-3 %) as hardness increases,
yielding a hook shape. It is formed by the highest count-rate ob-
servations, and for the case of 4U 1705-44, can last several months
(see also Fig. 3). These hook-like tracks are not observed in BH
systems and seem to be a distinctive feature of NS accretors.
3.1.5 Bright Atolls
We have shown that hysteresis is present in some persistent, low
accretion rate sources. However, there is also a population of (per-
c© 0000 RAS, MNRAS 000, 000–000
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sistent) sources that remain almost permanently in the bright soft
states; they are known as bright atolls (BA). In Fig. 4 we plot the
HRD for two of these systems, 4U 1735-444 and GX 9+9. The for-
mer only displays the hook-like track mentioned above and charac-
teristic of the bright soft states, whereas the latter, one of the most
luminous atolls, was observed 70 times from 1996 to 2010 and all
the observations show constant 2–3% rms as hardness moves in the
ranges 0.3–0.42 and count rate changes by a factor of
∼
< 2 (see Fig.
4). Other examples of bright atoll sources are GX 3+1, GX 13+1,
GX 9+1 or GX 9+9 (see Tab. A1) and they never show variability
levels above 10%.
3.2 High accretion rate sources
At even higher accretion rates than those of the bright atolls, NS-
LMXBs are known to display a particular short-term behaviour
(hours-to-days) in their CCDs and HIDs. They are so-called Z
sources since they show three connected and distinctive branches
in the CCD, known as the flaring branch (FB), the normal branch
(NB) and the horizontal branch (HB), all together forming a Z
shaped pattern (see van der Klis 2006). They can be divided in two
sub-groups, Cyg-like and Sco-like sources, the latter not showing a
proper HB (Kuulkers et al. 1994) and thought to be intrinsically
fainter (Homan et al. 2007). Their long term behaviour is how-
ever more erratic and complex than the low accretion rate sources
presented above. We have analysed the RXTE observations corre-
sponding to eight sources that have shown Z-like phenomenology,
namely Cyg X-2, GX 5-1, GX 17+2, GX 340+00, GX 349+2, XTE
J1701-462 and LMC X-2 (see Tab. A1). Similarly to bright atolls,
hysteresis cycles are not seen in these systems. In the upper panels
of Fig. 5 we show the HIDs and RIDs of two representative objects:
Cyg X-2 (i.e. Cyg-like) and GX 17+2 (Sco-like).
3.2.1 The case of XTE J1701-462
A unique system to study the behaviour of NSs at different accre-
tion rates is the transient XTE J1701-462. This source displayed
both Z and atoll phenomenology along its decay from a bright out-
burst (see Homan et al. 2007, LRH09, Lin et al. 2009b, Sanna et al.
2010, Homan et al. 2010 for details). Its corresponding HID and
RID are shown in the lower panels of Fig. 5. Following LRH09,
we separate (using different symbols and colours) the Z (Cyg-like
and Sco-like), bright atoll and normal atoll phases. In Fig. 6 we
do the same for the HRD. The initial rise of XTE J1701-462 was
missed, as it was already very bright during the first RXTE obser-
vation (big star in Fig. 5), moving through the Cyg-like Z regime.
During the first week, it displayed low variability levels (∼ 3%),
similar to the soft states of atoll sources, but with softer colours
typical of Z-sources. Then, the system moved to a more variable
(7–15%; see Fig. 7) and harder state (i.e. hardness and rms are cor-
related; see red triangles in Fig. 6), where it stayed for ∼ 10 days.
LRH09 showed that the Z phase observations with variability levels
above ∼ 5% are associated with the HB. This increase in the aperi-
odic variability when the system enters the HB have been also ob-
served in other Z sources (e.g. see Wijnands et al. 1997 and Li et al.
2012 for Cyg X-2). During this phase, XTE J1701-462 was inten-
sively monitored, and the PDS of the corresponding observations
are qualitatively similar to those of BHTs during the hard-to-soft
transitions (see Section 4.2.2), for which the rms values (
∼
> 5%)
are also typical (Mun˜oz-Darias et al. 2011). Similarly to what is
observed in BHTs, the characteristic PDS frequencies increase as
Figure 4. Hardness-rms diagrams for Aql X-1 (transient) and 4U 1705-44
(persistent), where the rms-hardness correlation become evident. For com-
parison we also show those corresponding to the bright atolls (see section
3.1.5) 4U 1735-444 and GX 9+9.
the system gets softer (Homan et al. 2007) and less variable. On
Jan 5, 2006 (day 17 in Fig. 7), variability dropped from 12% to
3% within the ∼ 4 hours that separate two consecutive RXTE ob-
servations (91106-02-03-12 and 91106-02-03-15 ), returning to a
softer, low variability state. Interestingly, Fender et al. (2007) re-
ported that radio emission (4.8 GHz) increased from < 0.24 mJy2
two hours before the transition, to 0.67 ± 0.09 mJy 40 hours later
(see Fig. 7). After this, the system remained most of the time in the
low variability state, with a handful of shorter extra excursions like
the previous one. On Mar 8, the brightest radio flare observed from
this source occurs (1.26 ± 0.5 mJy; < 0.27 mJy two days before;
Fig. 7) and rms dropped from 8% on Mar 7 to 3% one day later. We
note that similar radio flares are also detected in BHT when moving
between similar variability states during the hard-to-soft transition
(see section 4.2.3).
As flux decays, these higher rms excursions are less frequent
and the system remained in the low variability state all the time
(rms < 5%). However, frequent changes in hardness are seen, the
X-ray colour reaching their hardest values apart from the final hard-
ening during the normal atoll phase. This period correspond to the
faintest part of the Z Sco-like stage and the whole bright atoll phase,
where fast variability and colour are not correlated and the hori-
zontal track is formed in the HRD (Fig. 6 and Section 3.1.4). This
behaviour is suppressed once the systems enters into the regular
atoll phase (filled dots in Fig. 5). There, the system keeps decay-
ing at a roughly constant colour and low variability levels along
the atoll soft state, until a transition is observed, and the system
hardens and rms increases above 20%, typical of a standard hard
state (rms and hardness correlated; Fig. 6). Hence, the RID pattern
displayed by XTE J1701-462 is remarkably similar to those seen
in the transient sources (Fig. 1) once they reach a bright soft state.
Based on the behaviour seen in other sources, it seems reasonable
to speculate that during the initial rise / atoll phase (not observed)
the system transited along the hard state and made the hard-to-soft
transition, probably still during the atoll phase. After that, it be-
came much brighter as seen in e.g. 4U 1705-44, but reaching the Z
regime in this case. We note that a regular atoll hard state and sub-
2 The limits to the radio detections correspond to 3 times the rms of the
noise.
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Figure 5. Hardness intensity diagrams (left panels) and rms intensity diagrams (right panels) for the Z sources Cyg X-2 and GX 17+2, the bright atoll source
GX 9+9 and the transient Aql X-1 (upper panels). In the bottom panels the HID and RID corresponding to XTE J1701-462 are shown. For the latter, symbols
and colours correspond to the outburst stages defined in Lin et al. (2009) and the (green) star indicates the first observation. For a more comprehensive picture,
all count rates were re-scaled to that of Cyg X-2. We use 13 kpc for Cyg X-2 (the reported value is 11±2 kpc. 13 kpc is chosen since it qualitatively produces
a better match between the two Z sources in the sense that their combined HID behaviour better mimic that seen for XTE J1701-462), 9.8 kpc for GX 17+2,
3.9 kpc for Aql X-1 (Galloway et al. 2008), 10 kpc for GX 9+9 (Savolainen et al. 2009) and 8.8 kpc for XTE J1701-462 (Lin et al. 2009b).
Figure 6. Hardness rms diagram for XTE J1701-462. Colours and symbols
represent the same as in Fig. 5.
sequent hard-to-soft transition had been difficult to detect by the
all-sky monitor on-board RXTE, given the soft pass band of the
instrument and the relatively large distance to the source (8.8 kpc;
Lin et al. 2009b).
Finally, we have added the bright atoll source GX 9+9 and the
transient Aql X-1 to the Z sources presented in the uppers panels of
the Fig.5. It becomes evident that the behaviour of XTE J1701-462
in the RID and HID it is very similar to the combination of atolls,
bright atolls and Z sources.
4 DISCUSSION
We have analysed a large data base of RXTE observations (>
10000) corresponding to 50 NS-LMXBs. For each source, we
have studied the behaviour of the spectrum and the fast aperi-
odic variability through the HID and the RID. Hysteresis loops
have been observed, sometimes recurrently, in ten sources. Ev-
ery source included in the sample has been monitored at least 20
times. However, these pointings are sometimes spread over sev-
eral months/years, preventing a follow-up along a full hysteresis
loop. We note that the behaviour of at least seven other sources sug-
gest hysteresis (see Tab. A1) and some transients, discovered being
(already) soft, displayed the soft-to-hard transition when decaying
towards quiescence (e.g. XTE J1701-462). In general, hysteresis
occurs at low accretion rates whenever sources display full atoll-
like behaviour, regardless if they are transient or persistent sources.
Classical transients, like Aql-X-1, show the classical hysteresis pre-
viously seen in BHT, where one loop per outburst is observed. This
is not the case for the long-term transients, that instead of showing
a single hysteresis loop lasting several years (e.g. 23 yr for EXO
0748-676) show also loops lasting a few months. They are asso-
ciated with flux increases where the soft state is reached and after
which the source returns to the initial hard state but does not de-
cay towards the quiescence. This behaviour is similar to that seen
in persistent sources. The above suggest that hysteresis loops are
short by nature, as we do not see any loop lasting more than ∼ 1
year, consistent with what it is observed in BHTs. Overall, we find
a consistent behaviour between the loops properties, including the
time scales, for both the transient and the persistent populations.
Loop amplitudes (count-rate difference between upper and lower
branches) are generally larger in the transients, but consistent with
e.g. some of those seen in the persistent source 4U 1705-44. The
range of loop amplitudes present in persistent systems goes from
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less than a factor of 2 to one order of magnitude. In this regard,
our study (Figs. 2 and 3) proves that big changes in luminosity are
not required to observe hysteresis. A flux increase of a factor of
6 3 in a persistent source (e.g. 4U 1728-34) yield hysteresis loops
covering a range of colours and variability levels comparable to
those of the transients, where major changes in luminosity occur.
For the case of 4U 0614+09 the two branches almost overlap in
luminosity. We note, however, that the two major state transitions
seem to occur at more similar luminosities during failed outburst
(see section 3.1.3) than during normal ones in BHTs and in Aql
X-1 (this work). For 4U 0614+09 variability rarely go below 5%
and an obvious soft state branch is not present. This behaviour also
resembles that of the persistent black hole Cyg X-1, where tran-
sitions from and to intermediate (i.e. softer but never reaching the
soft state as defined for BHT) states are seen at roughly constant
luminosity (e.g. Wilms et al. 2006).
4.1 Hysteresis: black holes versus neutron stars
Given that hysteresis has been traditionally associated with black
hole transients, it seems natural to compare our results. A few con-
clusions can be directly extracted from our work:
• we have shown that the hysteresis in NSs follows the same
pattern as in BHTs. The loops are always run anticlockwise, the
hard-to-soft transition being the brightest.
• The luminosity of the upper branch changes along several
loops from the same source (see Figs. 1 and 2; Fig. 8 for the BHT
GX 339-4), whereas the soft-to-hard transitions, always fainter,
seen to have more similar luminosities (especially for the persis-
tent systems), but still might vary within a factor of 2-3. The lumi-
nosity of the soft-to-hard transition for both BHs and NSs LMXBs
have been proposed, using some of the sources presented here, to
be always within 1-4% of LEdd(Maccarone 2003). Our study lacks
spectral modelling and therefore is not able to test this claim, but
our results seem consistent with it.
• Hysteresis cycles duration times are consistent between BHs
and NSs, roughly in the range one month – one year.
• Transition times are poorly constrained by our study since they
are typically of the order of our monitoring cadence. However, it
is worth noticing that all the systems where we have decent con-
straints seem to point towards values shorter than a week. In BHTs
transitions times longer than 10 days are quite common. Possible
explanation for this might include different distribution of binary
parameters (e.g. disc sizes: different mass ratios and orbital peri-
ods) or more complex relations between transition durations and
e.g. compact object mass or luminosity that we are not able to test
in this work.
We note that the several models have been pro-
posed to explain the hysteresis cycles seen in BHTs (e.g.,
Balbus & Henri 2008, Petrucci et al. 2008, Nixon & Salvesen
2014, Begelman & Armitage 2014). Since the behaviour displayed
by NS-LMXBs is very similar, it is therefore expected that
hysteresis is triggered by the same physical mechanism in both
cases. Hence, any model aimed at explaining this process should
be also able to reproduce the observables reported in this work.
4.1.1 Three spectral components model for NS-LMXBs
Further analysis of the results presented here requires consideration
of the different spectral properties observed in BHs and NSs. The
Figure 7. Fractional rms (black dots) and radio data (orange stars; from
Fender et al. 2007) as a function of the time corresponding to the 2006 out-
burst of XTE J1701-462. The arrows indicate 3σ limits to the radio flux.
The zero time corresponds to MJD 53754.
Figure 8. RID for two outburst of the black hole transient GX 339-4
(adapted from Fig. 2 in Mun˜oz-Darias et al. 2011)
former have two distinctive spectral components: (i) a hard energy
tail, sometimes extending beyond ∼ 100 keV (e.g., Motta et al.
2009; Gilfanov 2010 for a review) that can be modelled (at low
energies at least) by a power-law with a cutoff at energies higher
than those considered here and is usually explained through Comp-
tonization processes, and (ii) a soft thermal component (with tem-
perature peaking at
∼
< 2 keV) that is well described by a multi-
colour disc spectral model. Both components are also present in
NS-LMXBs. In addition, emission from the NS surface (i.e. absent
in BHs) is also expected to contribute, and for the particular case of
the inner disc reaching the innermost stable circular orbit, the radi-
ation emitted from the boundary layer could be at least comparable
with that of the latter (Syunyaev & Shakura 1986). This component
typically has a higher characteristic temperature than the disc (see
below), which can cause degeneracies in the spectral fitting (e.g.
Barret 2001). As a result of this, a variety of spectral models have
been proposed (see White et al. 1988 and Mitsuda et al. 1989 for
alternative scenarios). They essentially differ in the treatment of
the boundary layer, which is modelled with either a single black-
body or a Comptonized black-body, the latter accounting for part
or the whole of the high energy emission. In general, a two spectral
c© 0000 RAS, MNRAS 000, 000–000
10 Mun˜oz-Darias et al.
component approach has been utilized to model the spectrum of
NS-LMXBs, however the particular components used change de-
pending on accretion state and luminosity.
Lin, Remillard & Homan (2007; hereafter LRH07) have pro-
posed a three component approach, which is able to describe the
spectrum of NS-LMXBs from the atoll sources states (Aql X-1
and 4U 1608-52) to the brightest Z phases of XTE J1701-462
(LRH09). They consider two thermal components [multi-colour ac-
cretion disc and black body emission form the neutron star (BB)]
plus Comptonized emission modelled by a broken power-law com-
ponent. Likewise, Done & Gierlin´ski (2003) found that the energy
spectra of NS-LMXBs are similar to those of the BH systems if one
considers the additional emission from the boundary layer together
with the classical thermal disc and Comptonization components.
Some of the results presented in this paper can be interpreted ac-
cording to this scenario:
• although a detailed study would require spectral fitting to ob-
tain and compare unabsorbed fluxes, none of our atoll sources
reaches the low hardness values observed with RXTE/PCA in the
same bands for several BHTs (e.g. Casella et al. 2004; Stiele et al.
2011, Motta et al. 2012). These harder soft state colours can be
explained by the contribution of the boundary layer component,
which systematically peaks at harder energies than the disc compo-
nent 3.
• LRH07 have shown that the three-component spectral model
is able to reproduce for atoll systems (Aql X-1 and 4U 1608-52)
the correlation between Comptonization fraction, and variability
(rms) observed in BHTs (e.g. Remillard et al. 2006; Belloni et al.
2011). On the other hand, several works have proved in the past
the remarkably similar timing properties of BH and NS systems,
suggesting that the mechanism producing the variability are the
same for both populations (e.g. Wijnands & van der Klis 1999;
Belloni, Psaltis & van der Klis 2002). In the NS hard states vari-
ability reaches 20% and in some cases 30%, but is never seen to
attain the > 40% levels often seen in the hard states of some BHT
(e.g. Mun˜oz-Darias et al. 2010; Fig 8). LRH07 showed that, even
though the disc component is not required in atoll hard states, the
BB component (i.e. also thermal) accounts for ∼ 10% of the emis-
sion. Assuming that variability is only coming from the Comp-
tonized component (the only component present in BHT hard states
within the RXTE bandpass; e.g. Dunn et al. 2010), this additional
thermal emission present in NS-LMXBs would dilute the variabil-
ity by the same amount. Nevertheless, we note that a number of
BHs have never showed rms above ∼ 30% (e.g., 4U 1650-500,
Gierlin´ski et al. 1999; H 1743-322, Motta et al. 2010).
• Soft state variability levels (2− 3%) are also similar to those
found in BHTs, although levels as low as < 1% do not seem to be
present either. The fits presented in LHR07-09 suggest that Comp-
tonization can still contribute to the emission during the soft states,
especially at low luminosities. We note that for a few systems (in-
cluding those analysed by LRH07) soft state variability seems to in-
crease as the systems get fainter. This weak Comptonization could
also explain the radio properties of these systems during soft states
(see section 4.2.3).
3 kTDisc < 2.0 keV whereas kTBB can reach ∼ 3.0 keV; k is the Boltz-
mann constant; TDisc and TBB correspond to the temperature at the inner
disc radius and the colour temperature, respectively (LRH09).
4.2 The variability-luminosity diagram and the global
accretion state picture
In this section we discuss the evolution of NS-LMXBs (both atoll
and Z sources) using the RID, and compare it with the spectral
behaviour reported in this work (colours) and specially in the liter-
ature (e.g. LRH07, LRH09). The goal is to discuss the evolution of
the aperiodic variability (rms) in NS systems, in light of the contri-
bution of thermal (accretion disc + NS surface) and Comptoniza-
tion processes (regardless of its origin) to their emission. Given the
relation between variability and Comptonization discussed above,
the RIDs presented in Fig. 5 for XTE J1701-462 and for a combi-
nation of sources displaying the different NS-LMXB X-ray states
can be directly compared to those of BHTs.
In Fig 9 we sketch the behaviour of NS-LMXBs in the RID.
The quoted luminosities have to be taken just as standard values
typically found in the literature (e.g. van der Klis 2006). In Fig.
10 we do the same but we also over-plot the behaviour of BHTs
(taking GX 339-4 as the standard source) for comparison. Looking
at the variability axis, the diagram has two main regions, the hard
state, where Comptonization dominates and strong aperiodic vari-
ability is present (> 20%), and the thermal dominated (accretion
disc + NS surface) soft state with very little variability (< 5%).
However, the way (frequency, duration, multi-wavelength proper-
ties) in which these regions are sampled by a given system seems
to be strongly related (but not exclusively) to its luminosity (i.e.
accretion rate). We distinguish three clear regimes4 :
(i) Hysteresis regime (0.01 – 0.3 LEdd)
At low luminosities sources display hysteresis loops very simi-
lar to those observed in BHTs at roughly the same brightness (e.g.
Dunn et al. 2010; Fig. 10). This phase has already been extensively
discussed in this paper (see sections 3.1.3 and 4.1) and it is also
characterized by a clear correlation between fast variability (rms)
and Comptonization fraction (hardness) as shown in Fig. 4. Above
this level, sources sit typically in the soft, low variability state, first
as bright atoll sources (strictly always in the soft state), and then as
Z sources.
We note that this regime (at least its lowest extreme) is
also reached by systems (mostly transients) that do not go
beyond the hard state, a behaviour also observed in BHTs.
Also, and in addition to transients rising/decaying through the
hard state, a new population of persistent NS-LMXBs intrinsi-
cally fainter than ∼ 0.01 LEdd has recently been found (see
Armas Padilla, Degenaar & Wijnands 2013), even though not well
understood yet.
(ii) Bright soft state regime (0.3 – 0.6 LEdd)
This regime corresponds to the bright atoll and the faint Z phases,
where the spectrum is always dominated by the thermal compo-
nents, very little variability (2–3%) is seen and flaring is present.
As discussed above, during the regular atoll phase both variability
and hardness are correlated, and both seem to be tracing the amount
of comptonized emission. The correlation breaks during the bright
atoll phases, when hardness varies but fast variability remains con-
stantly low. This produces a clear signature in the HRDs, the nor-
mal atoll sources showing a hook shape, whereas bright atolls just
4 Note that the luminosity boundaries quoted are approximate and that
transitions between different regimes can be smooth.
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Figure 9. Sketch describing the qualitative behaviour and location of atoll (A), bright atoll (BA) and zeta (Z) sources in the rms-intensity diagram.
show a flat rms-hardness relation (Fig. 4). This pattern is unique to
neutron star systems, and keeps being observed as luminosity in-
creases up to the brightest Z phases (see below), where hardness
and variability are newly correlated. Despite on the gradual soften-
ing as the system become more luminous (bottom-left panel in Fig.
5) and the disc component become more dominant (LRH09), we
do not see changes in HID, RID, and HRD during this stage.
The above scenario is in agreement with LRH09, whose spectral
fits clearly connect the bright atoll phases and the zeta FB phase of
XTE J1701-462. They also show how, as luminosity increases, the
systems starts to transverse the NB and even in the brightest part
of the Sco-like phase (stage 2 in LRH09) it spent most of the time
(∼ 90%) between the FB and NB phases. LRH09 explain these two
branches by (i) instabilities associated with the inner disc radius
moving outward from the atoll soft state value and inward again
(FB), and (ii) changes in the radius of the BB component (NB).
Other authors (e.g. Church et al. 2006) suggest that the flaring is
the result of unstable nuclear burning on the neutron star surface.
We note that this phase, where hardness (energy spectrum)
varies whereas the fast variability properties remain essentially the
same, has not been seen in BHs, suggesting it has something to
do with the presence of a hard surface. Nevertheless, it does not
seem to be associated with Comptonization, explaining the lack
of variability (always below ∼ 5) during this phase, and therefore
should be classified as a soft state phase.
(iii) Very high accretion rate regime: soft state and fast transi-
tions (
∼
>0.6LEdd)
This regime corresponds to the brightest Z phases, where the
spectrum is typically soft and the level of variability very low. How-
ever, sporadic excursions to intermediate states are also seen, and
systems become harder and more variable, in parallel with an in-
crease in the fractional contribution of the Comptonization compo-
nent. These transitions form the HB, and are more frequent in the
Cyg-like Z sources than in the Sco-like sources, the latter thought
to be intrinsically fainter.
Again, the most detailed observational evidence for this scenario
comes from the analysis of XTE 1701-462. It highest count-rates
correspond to the Cyg-like Z phase, when the system spends most
of the time (∼ 90%) between the normal and horizontal (55% in
HB) branches. The latter is particularly interesting since it is asso-
ciated with an increase in the fast variability, forming an horizontal
branch in the RID (right, bottom panel in Fig. 5). Hardness also in-
creases, and thus diagonal tracks are newly seen in the HRD [filled
(red) triangles in Fig. 6]. According to the fits presented in LRH09,
during the HB the luminosity keeps roughly constant, but thermal
emission is converted into Comptonization. A similar behaviour is
observed in the bright soft state phases of BHTs, where transitions
to the intermediates states (harder and more variable) are seen (e.g.
Fender et al. 2004, Belloni et al. 2011; see also top-left corner in
Fig. 8 for the case of GX 339-4). Consistently with this, we find
that Cyg-like Z sources attain also higher rms levels, as we observe
GX 5+1, GX 340+0 and Cyg X-2 displaying diagonal tracks in their
HRD, reaching values in the 10 − 15% regime, whilst GX 349+2
and GX 17+7 (Sco-like) only show a few scattered points (with rms
< 10%) above the flat rms hardness relation that characterized the
flaring along the bright atoll and weak Z phases.
4.2.1 On the absence of bright hard states and hard-to-soft
transitions
A direct consequence of the above scheme is that NS-LMXBs are
not seen in the bright hard states (
∼
< 0.15 LEdd; see Linares 2009),
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Figure 10. Same as Fig. 9 but also adding the (qualitative) behaviour of
black hole transients and GRS 1915+105. The latter is a persistent black
hole that usually sits in the bright hard states. However, It occasionally sam-
ples softer regions, overlapping with those typical for the Z sources during
their harder intervals (HB). Both state transitions yield strong jet emission.
and therefore they do not either perform bright hard-to-soft tran-
sitions. Normal atoll phases are observed at luminosities fainter
than ∼ 0.3 LEdd (LRH07), their brightest phase corresponding to
the soft state, and higher accretion rate sources (BA and Z) sit in
thermal dominated states. An exception might be the HB of the
Z sources, but their variability properties are only consistent with
those observe in the intermediate BH states.
Luminosities above (
∼
> 0.5 LEdd) are seen in BH systems,
especially during the hard-to-soft transitions, but only one system,
namely GRS 1915+105, is known to remain persistently at those
values (see Fender & Belloni 2004 for a review). Contrastingly to
Z sources, it remains most of the time in a hard, high variability
state (rms ∼ 20−30%) displaying transitions towards softer states.
Other BHs are also seen to transit the area where Z-sources are ob-
served and fast (reverse) transitions from the bright soft states to-
wards intermediates states are often seen as well. These transitions
become less frequent as luminosity decreases through the soft state,
which seems to resemble the behaviour of Z sources, where the HB
is less frequently formed as the system decays. In Fig. 10 we also
sketch the behaviour of GRS 1915+105 in the RID on top of that
for NS-LMXBs (Fig. 9).
An open question is the luminosity at which the (presumable)
hard-to-soft transition took place for XTE J1701-462. We note that
BHTs sometimes display relatively faint hard-soft-transitions, to
then become much brighter once the soft state is reached (see red
stars in Fig. 8). Given the apparent lack of NS-LMXBs in the bright
hard states regions of the digram (
∼
> 0.3 LEdd), this scenario, also
observed in NS-LMXBs (e.g. 4U 1705-44; Fig. 2), seem for the
moment the most plausible scenario (but unconfirmed) for the rise
of the XTE J1701-462 outburst (or any other transient reaching the
bright Z phases).
4.2.2 Quasi Periodic Oscillations
In addition to the study of spectral and variability parameters, the
detection and evolution of narrow timing features, known as Quasi
Periodic Oscillations (QPOs) has proven to be a powerful X-ray
state tracker for both BH and NS systems (e.g. van der Klis 2006).
Three types of QPOs, dubbed A, B and C, are observed in BHTs
(see Casella et al. 2004; Motta et al. 2011). Casella et al. (2005)
studied the coincident evolution of the frequency and the rms of
these QPOs (i.e. rms integrated only over the QPO profile), show-
ing similarities between them and those detected in Z sources. In
particular, the A, B, and C QPOs are proposed to be related to
the FB, NB and HB oscillations, respectively. Even though a de-
tailed study on this issue is beyond the scope of this paper, it is
worth noticing that the proposed scheme results in a good qualita-
tive match if we place both Z and BH QPOs in the RID. However,
we note that an exact match between rms values and BH/NS QPO
type is not necessarily to be expected since e.g. the rms dynamical
range is found to be smaller for NS (up to 50% for BHs and up to
30% for NS; see above for possible dilution of the rms due to the
NS surface emission).
Type Cs are present during the BH hard states at rms
∼
> 10%,
being particularly strong during the hard-to-soft transitions. We
have shown above that the HB covers that region in the RID.
Type B and A QPOs are observed in the BH soft states, B obser-
vations being slightly more variable. Similarly, FB observations
are characterized by variability levels around 2 − 3% and NB
observations (e.g. low variability inverted triangles in Fig. 6) are
also associated with low variability levels, which slightly increase
as the system gets close to the HB (LRH09). Atoll QPOs are
less well characterized, since they are fainter, but they can be
detected during the hard states and the transition to the soft states,
showing similar properties to the C oscillations, with frequency in-
creasing with decreasing hardness and rms (e.g. van der Klis 2006).
Besides to the hard-to-soft transitions of BHTs, the HB can
be also compared with the so-called anomalous or ultra-luminous
BH state, best observed during the 2005 outburst of the BHT GRO
1655-40 (see Belloni 2010 and references therein). It occurred once
the system reached the soft state, lasted 20 days and was charac-
terized by significant brightening, spectral hardening and flaring, as
well as an increase of the fractional rms up to levels typical of in-
termediate states (see Motta et al. 2012 for a full timing analysis).
However, we note the evolution of the Type C QPO during this state
is odd since frequency do not increase as the system softens (it does
the opposite), albeit the spectral analysis is more complex than that
during the classical states.
4.2.3 The accretion-ejection connexion
During the last couple of decades, clear connections between the
radio and higher energy emission have been established, showing
that the X-ray states are tightly connected with ejection phenom-
ena displayed by X-ray binaries (Fender et al. 2004; Fender 2006
for a review). During the BH hard states, a compact jet is seen,
and the radio luminosity correlates with the hard (power-law) en-
ergy emission (Corbel et al. 2002, Gallo et al. 2003). Radio emis-
sion starts to fade as the system moves towards the soft state, but
close to the state transition, strong radio flares from extended jets
moving at relativistic velocities are seen. Once the system reaches
the soft state, radio emission is quenched (e.g. Russell et al. 2011),
and not observed again until the hard states are newly reached
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at the end of the outburst. A remarkable exception to this are
the short harder intervals (i.e. fast transition to the intermediate
states) observed during the decay along the bright phases of the
soft state. As discussed above, they are associated with an increase
in the fast variability, but also to radio the presence of radio flares
(Fender, Homan & Belloni 2009).
A global study of the radio properties of NS-LMXBs was
performed by Migliari & Fender (2006). Even though, radio emis-
sion is less powerful in atoll systems, their behaviour roughly
follows the above scheme. However, the radio jet is only ob-
served to quench during the bright soft states (above 10% LEdd;
Migliari et al. 2003, Tudose et al. 2009, Miller-Jones et al. 2010),
whereas it is still present during the faint soft states. We note that
given the known relation between Comptonization and radio emis-
sion, this is in agreement with the spectral studies (LRH07) sug-
gesting high Comptonization levels (∼ 30%) during the faint soft
states. Our results, consistent with rms decreasing with luminosity
during the soft state (see above) also agree with this scenario.
Z-sources can be active radio sources, which flaring behaviour
resembles that of the persistent black hole GRS 1915+105
(Migliari & Fender 2006). However, radio emission is not always
detected in these systems, and it seems to be associated with
transitions from the HB to the NB to then quench in the FB
(Migliari & Fender 2006). Given that the HB coexists in the RID
with the hard-to-soft BH transitions, radio flares seem to occur
at similar locations for both NSs and BHs. We note however that
whereas GRS 1915-105 typically sits in the bright hard state mak-
ing soft excursions that trigger the radio flaring, Z sources are soft
state systems making hard excursions resulting in comparable be-
haviour (see Fig. 10).
Finally, we note that outflows in the form of accretion disc
winds have been observed in BH systems during the phase in which
the jet is quenched (i.e. soft states) and vice versa (Ponti et al. 2012;
see also Neilsen & Lee 2009). This state-wind connection might
also hold for NS-LMXBs (Ponti, Mun˜oz-Darias & Fender 2014),
further stressing the similarities between the accretion states of both
populations of LMXBs.
5 CONCLUSIONS
We have shown that all classes of neutron stars low mass X-ray bi-
naries can be classified following the canonical hard-intermediate-
soft state scheme that is now well established for black hole sys-
tems. Full transitions between these states result in hysteresis pat-
terns regardless of the transient or persistent nature of the source.
Indeed, hysteresis seems to be the natural form that state transitions
take below ∼ 30% LEdd. We have shown that hysteresis in neu-
tron stars does not require of dramatic changes in luminosity and
even though some differences are found, it follows the same pattern
and general properties previously found for black hole transients
(see Section 4.1). At higher luminosities hysteresis seems to not be
present, but independently of the nature of the compact object, ei-
ther black hole or neutron star, we have shown that systems located
in similar regions of the rms-intensity diagram (i.e. fast variability
versus X-ray luminosity) seem to share spectral, timing and multi-
wavelength properties, establishing a common framework for ac-
cretion states and therefore supporting similar accretion accretion
regimes and geometries for both populations of X-ray binaries. Fu-
ture X-ray spectral and timing, but also multi-wavelength, studies
should be able to go deeper into the details of the global scheme
presented here.
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Table A1. List of the 50 sources analysed for this work. Comments roughly describe the behaviour observed in the HIDs, RIDs and HRDs obtained from the
RXTE/PCU observations analysed in this work.
NS-LMXB Number of Observations analysed Comments
IGR J00291+5934 53 Transient. Hard State
4U 0513-40 320 Persistent. Hysteresis-like behaviour? (low count rates)
LMC X-2 (4U 0520-72) 131 Persistent. Bright soft state
MAXI J0556-332 262 Transient. Probably decaying along the bright soft state (including harder intervals)
4U 0614+09 474 Persistent. Hysteresis loops
EXO 0748-676 707 Long-term transient. Hysteresis loops
4U 0918-549 243 Persistent. Hard state
XTE J0929-314 34 Transient. Hard State
XB 1254-690 90 Persistent. Bright soft state
XB 1323-619 27 Persistent. Hard state
4U 1608-52 980 Transient. Hysteresis loops
4U 1624-490 21 Persistent. Soft state
4U 1636-536 1414 Persistent. Hysteresis loops
GX 340+0 (4U 1642-45) 90 Persistent. Bright soft state (including harder intervals)
MXB 1659-298 62 Transient. Soft state
XTE J1701-462 835 Transient. All the states
GX 349+2 (4U 1702-36) 134 Persistent. Bright soft state (including harder intervals)
4U 1702-429 116 Persistent. Hysteresis-like behaviour
4U 1705-44 506 Persistent. Hysteresis loops
XTE J1709-267 36 Transient. Hysteresis-like behaviour
XTE J1710-281 27 Transient. Hard state
4U 1724-30 117 Persistent. Hysteresis-like behaviour
GX 9+9 (4U 1728-16 ) 71 Persistent. Bright soft state
4U 1728-34 356 Persistent. Hysteresis loops
KS 1731-260 68 Long-term transient. Hysteresis-like behaviour
4U 1735-44 210 Persistent. Soft state - bright soft state
SLX 1735-269 64 Persistent. Hysteresis-like behaviour
GX 3+1 (XB 1744-265) 98 Persistent. Bright soft state
1A 1744-361 47 Transient. Mostly soft. A few hard observations at low rates
EXO 1745-248 33 Transient. Hysteresis loops
4U 1746-371 49 Persistent. Mostly soft. A few hard observations at low rates
IGR 17473-2721 179 Transient. Hysteresis loops
IGR J17480-2446 46 Transient. Mostly soft.
XTE J1751-305 75 Transient. Hard State
GX 9+1 (4U 1758-20) 91 Persistent. Bright soft state
GX 5-1 (4U 1758-25) 159 Persistent. Bright soft state (including harder intervals)
XTE J1759-220 36 Long-term transient. Hysteresis-like behaviour
XTE J1807-294 83 Transient. Hard State
SAX J1808.4-3658 246 Transient. Hard State
GX 13+1 (4U 1811-17) 82 Persistent. Bright soft state
GX 17+2 (4U 1813-14) 177 Persistent. Bright soft state (including harder intervals)
XTE J1814-338 58 Transient. Hard State
4U 1820-303 208 Persistent. Hysteresis (1 loop)
X 1822-371 89 Persistent (Accretion disc corona). Bright soft state (harder intervals?)
GS 1826-24 135 Persistent (or long-term transient). Hard State
Ser X-1 (4U 1837+04) 94 Persistent. Bright soft state
HETE J1900.1-2455 344 Long-Term transient. Mostly hard. Softer intervals seem to follow hysteresis patterns.
Aql X-1 (4U 1908+005) 465 Transient. Hysteresis loops
4U 1916-053 43 Persistent. Mostly hard with some softer observations
Cyg X-2 (4U 2142+38) 531 Persistent. Bright soft state (including harder intervals)
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